Partition coefficients of 51 organic compounds in two ionic liquids (IL), 1-ethyl-3-methylimidazolium dicyanamide and trimethylhexylammonium bis((trifluoromethyl)sulfonyl)amide, were measured using inverse gas chromatography from (322.5 to 352.5) K. These partition coefficients were converted into water-to-IL partition coefficients using the corresponding gas-to-water partition coefficients. Both sets of partition coefficients were analyzed using the Abraham solvation parameter model with cation-specific and anionspecific equation coefficients. The derived equations correlated the experimental gas-to-IL and water-to-IL partition coefficient data to within (0.12 and 0.14) log units, respectively.
Introduction
Ionic liquids (IL) have been widely promoted as "green solvents" and as interesting substitutes for traditional industrial solvents such as volatile organic compounds. Much of the interest in ILs is based on their chemical stability, thermal stability, low vapor pressure, and high ionic conductivity properties. ILs are comprised of an asymmetric, bulky organic cation and a weakly coordinating organic or inorganic anion. With the great variety of such combinations enabling the finetuning of their chemical properties, ILs have already become recognized by the chemical industry as new, target-oriented reaction media. Nowadays, ILs are emerging as alternative green solvents, in other words, as alternative reaction media for synthesis, catalysis, and biocatalysis, but also as electrolytes, lubricants, or modifiers of mobile and stationary phases in the separation sciences. [1] [2] [3] [4] [5] [6] ILs have been used in industrial processes for more than a decade, and their applications continue to expand. For instance, extractive distillation and liquid-liquid extraction with ILs as a separating agent is a novel method for the separation of an ethanol-water mixture, 7 of thiophene from aliphatic hydrocarbons, 8 and of methanol from aliphatic hydrocarbons. The knowledge of the physicochemical properties of ILs is of great importance. Indeed, a large thermodynamic databank will give a better understanding of the behavior of ILs in mixtures depending on the ionic structures and the intermolecular interactions. Furthermore, measurement of physical properties for these substances is essential to evaluate the actual potential of an IL as a solvent for a particular application.
This study is a continuation of our investigations on thermodynamic properties of ILs. [9] [10] [11] [12] [13] [14] [15] In previous work, we have shown that the introduction of a polar chain in ILs also affects strongly the behavior of organic compounds in mixtures with the ILs. Short polar chains in imidazolium based ILs increased their selectivity toward mixtures containing (alcohol + aliphatic) or (aromatic + aliphatic). This work is focused on the behavior of an ammonium based IL, trimethylhexylammonium bis((trifluoromethyl)sulfonyl)amide [TMHA] [Tf 2 N], and on the influence of a dicyanamide anion grafted on an imidazolium based IL, 1-ethyl-3-methylimidazolium dicyanamide [EMIM] [DCA].
In the literature, it can be found that the IL [TMHA][Tf 2 N] has a wide electrochemical window (more than 5 V) and is considered to be hydrophobic because of two -CF 3 groups in its Tf 2 N -anion. Thus, it was found that [TMHA][Tf 2 N] may be used as media in metal electrodeposition. 16 Recently, Yoshida et al. 17 have reported several highly conductive 1-ethyl-3-methylimidazolium [EMIM]-based ILs with polycyano anions such as dicyanamide [DCA] . The results observed in this study reveal that [DCA]-based ILs would be useful electrolytes for electrodeposition. The [DCA] anion based ILs exhibit low viscosity and are good solvents for metal ions resulting from the high complexing ability of [DCA] . 18 The [DCA] ILs were also used to explore reactions of carbohydrates and other alcohols, which until now have been inaccessible in other ILs. 19 Nevertheless, there is a lack of data characterizing the behavior of liquid mixtures containing these ILs. It is then impossible to quantify intermolecular solute-IL interaction or to predict their possible use for extraction and extractive distillation processes.
In this work, partition coefficients for a series of organic compounds dissolved in [EMIM] [DCA] and [TMHA][TF 2 N] are measured using the chromatography technique.
To quantify intermolecular solute-IL interactions, Acree, Abraham, and co-workers reported mathematical correlations based on the general Abraham solvation parameter model for the gas-to-solvent, K L , and water-to-solvent, P, partition coefficients.
by rewriting each of the six solvent equation coefficients as a summation of their respective cation and anion contribution. The dependent variables in eqs 1 and 2 are solute descriptors as follows: E and S refer to the excess molar refraction in units of (cm 3 · mol -1 )/10 and dipolarity/polarizability descriptors of the solute, respectively, A and B are measures of the solute hydrogen-bond acidity and basicity, V is the McGowan volume in units of (cm 3 · mol -1 )/100, and L is the logarithm of the gasto-hexadecane partition coefficient at 298 K. Sprunger et al. calculated equation coefficients for eight cations and four anions using a database that contained 584 experimental log K L and 571 experimental log P values. No loss in predictive accuracy was observed by separating the equation coefficients into individual cation-specific and anion-specific values. The major advantage of splitting the equation coefficients into individual cation-specific and anion-specific contributions is that one can make predictions for more ILs. Each IL was further purified by subjecting the liquid to a very low pressure of about 5 Pa at about 343 K for approximately 24 h. Next, packed columns were conditioned during 12 h. We assume that this procedure removed any volatile chemicals and water from the IL and Chromosorb. No other attempt was made to analyze impurities in the ILs.
Experimental Procedures and Results

Materials or
The solutes were purchased from Aldrich with a purity higher than 99.5 %. The solutes were used without any purification because the gas-liquid chromatography technique separates any impurities in the column.
Apparatus and Experimental Procedure. Inverse chromatography experiments were carried out using a Varian CP-3800 gas chromatograph equipped with a heated on-column injector and a flame ionization detector. The injector and detector temperatures were kept at 523 K during all experiments. The helium flow rate was adjusted to obtain adequate retention times. Methane was used to determine the column hold-up time. Exit gas flow rates were measured with an Alltech digital flow check mass flowmeter. The temperature of the oven was measured with a Pt100 probe and controlled to within 0.1 K. A personal computer directly recorded detector signals, and corresponding chromatograms were obtained using Galaxie software.
Column packing of 1 m length containing from (15 to 35) % of stationary phases (IL) on Chromosorb WHP (60 to 80 mesh) were prepared using the rotary evaporator technique. After evaporation of the chloroform under vacuum, the support was equilibrated at 333 K during 6 h. Before measurements, each packed column was conditioned during 12 h at 363 K with a flow rate of 20 cm 3 · min -1 . The mass of the packing material was calculated from the mass of the packed and empty column and was checked during experiments. The masses of the stationary phase were determined with a precision of 0.0003 g. A volume of the headspace vapor of samples of (1 to 5) µL were introduced to be in infinite dilution conditions. Each experiment was repeated at least twice to check the reproducibility. Retention times were generally reproducible to within (0.01 to 0.03) min. To check the stability of the experimental conditions, such as the possible elution of the stationary phase by the helium stream, the measurements of retention times were repeated systematically every day for three selected solutes. No changes in the retention times were observed during this study.
Theoretical Basis. The retention data determined with inverse chromatography experiments were used to calculate partition coefficients of the solute in the IL. The net retention volume, V N , was calculated with the following usual relationship:
[(
where the adjusted retention time t R ′ was taken as a difference between the retention time of a solute and that of the methane, T col is the column temperature, U 0 is the flow rate of the carrier gas measured at the room temperature T r , and P 0W is the vapor pressure of water at T r . P i and P 0 are respectively the inlet and outlet pressures. Activity coefficient at infinite dilution of a solute 1 in the IL 2 γ 1,2 ∞ was calculated with the following expression:
where n 2 is the mole number of the stationary phase component inside the column, R is the ideal gas constant, T is the temperature of the oven, B 11 is the second virial coefficient of the solute in the gaseous state at temperature T, B 13 is the mutual virial coefficient between the solute 1 and the carrier gas helium 3, and P 1 0 is the probe vapor pressure at temperature T.
Partition coefficients K L may be then calculated from the activity coefficients at infinite dilution, γ 1,2 ∞ , using the following equation:
Thermodynamic properties of pure solutes needed for calculations are given in a previous work. 
Results and Discussion
Influence of Concurrent Retention Mechanisms. The errors in the K L values may be obtained from the law of propagation of errors. The following measured parameters exhibit errors which must be taken into account in the error calculations with their corresponding standard deviations: the adjusted retention time t R ′ , 0.01 min.; the flow rate of the carrier gas, 0.1 cm 3 · min -1 ; the mass of the stationary phase, 2 %; the inlet and outlet pressures, 0.002 bar; and the temperature of the oven, 0.2 K. The main source of error in the calculation of the net retention volume is the determination of the weight of the stationary phase. The estimated error in determining the net retention volume V N is about 2 %. Taking into account that thermodynamic parameters are also subject to an error, the resulting error in the K L values is about 3 %. For [EMIM] [DCA] and trimethyl-n-hexylammonium bis((trifluoromethyl)sulfonyl)amide ILs, no interfacial adsorption was observed, while the average relative standard deviation between two sets of data obtained with two different packed columns was about 2 %. In both ILs studied, the polar solutes are retained by partitioning with a small contribution from adsorption, while the n-alkanes are retained predominantly by adsorption. Indeed, n-alkanes are almost immiscible in ILs, and gas-liquid interfacial adsorption is then predominant.
Partition Coefficients of Organic Compounds in ILs. The gas-liquid partition coefficients were calculated using eqs 3 to Tables 1 and 2 . The evolution of the logarithm of partition coefficient of solutes in both ILs studied in this work with respect to 1/T is presented in Figures 1 and 2 . For some compounds of different families containing the same number of carbon atoms, we find that
This trend is in good agreement with the data obtained in all other ILs, whatever the cation or the anion.
The logarithm of K L of the n-alkanes increases linearly with an increase in carbon number (Figure 3) . Most partition coefficients decrease with an increase in temperature. The low values of the gas-liquid partition coefficients of n-alkanes indicate their low solubility in ILs. + cation at T ) 323.15 K are given in Table 3 . Both ILs studied in this work have similar behaviors as all of the ILs that we previously characterized. In a few words, compounds with double or triple bonds interact more strongly than alkanes with the polar anion and cation of the ILs. In the series of chloromethanes, it was observed that K L values strongly decrease from dichloromethane to tetrachloromethane. The K L values for the alcohols are relatively high. The hydroxyl group could interact with the anion and/or the cation of the IL. Partition coefficients of alcohols increase with increasing chain length. Ketones and aldehydes have a lower solubility than alcohols. These families of compounds follow the same trend than hydrocarbons. Introducing a branched alkyl on these compounds decreases their solubility. The partition coefficient of nitroalkanes is also particularly high especially with both ILs. Pyridine has usually strong interactions with imidazolium ILs. Table 4 presents selectivities at infinite dilution S 12 ∞ for four separation problems: hexane/benzene, hexane/methanol, hexane/thiophene, and cyclohexane/thiophene for ILs at T ) 323.15 K: [DCA] anion and the trimethyl-n-hexylammonium cation for both the gas-to-IL (see eq 1) and the water-to-IL (see eq 2) partitioning processes. The log K L data needed to derive the Abraham gas-to-IL correlations are listed in the last column of Tables 1 and 2 . The log P values for partition from water to the IL are calculated through eq 7, log P ) log K L -log K W (7) and requires knowledge of the solute's gas phase partition coefficient into water, K W , which is available for most of the solutes studied. 20 For solvents that are completely miscible with water, such as [EMIM] [DCA], 35, 36 the calculated log P refers to a hypothetical partition coefficient. Even though hypothetical, these log P correlations are still quite useful in that predicted log P values can be used to estimate the solute's infinite dilution activity coefficient or molar solubility in the anhydrous (dry) IL solvent for those solutes for which the solute descriptors are known. Approximately one-fifth of the solvent log P correlations that have been reported by Abraham and co-workers pertain to organic solvents (i.e., methanol, ethanol, acetonitrile) that are completely miscible with water at ambient room temperature. The hypothetical log P correlations have proved very useful in estimating the solubility of solutes in water-miscible solvent 37 and in solute descriptor computations. 38 For convenience, we have tabulated in Tables 5 and 6 ∞ data to 298.15 K and converted the extrapolated values to log K L through eq 5. Examination of the numerical entries in Table 5 shows that 20 of the 48 solutes studied here were also studied by Ma and coworkers. 39 The average difference between our experimental log K L data and the log K L values calculated from the activity coefficient data of Ma and co-workers is 0.042 log units. The experimental values are sufficiently close and can be combined into a single Abraham model correlation. Our search of the chemical literature found experimental solubility and Henry's law constants for carbon dioxide 40 and ethene 41 which we have also converted into log K L and log P values.
Analysis of the experimental log K L and log P data in Table  5 gave 
where N denotes the number of experimental values used in the regression analysis, SD refers to the standard deviation, R 2 is the squared correlation coefficient, and F corresponds to the Fisher F-statistic. Very similar results were obtained when the two log K L and log P data sets were analyzed separately. Solute descriptors used in the analysis are listed in Table 7 . Equations 11 and 12 provide a very accurate mathematical description of the log K L and log P values as shown in Figures 4 and 5 , respectively.
As noted above, each of the calculated equation coefficients corresponds to the sum of the respective cation-specific and anion-specific contribution. We have recently reported 42 for the log P correlation were calculated in a similar fashion. In Table 6 there are 50 experimental log K L and 48 experimental log P values for solutes dissolved in trimethyl-nhexylammonium bis((trifluoromethyl)sulfonyl)amide. 
for the transfer of organic solutes to ILs from both the gas phase and from water. The e E term was negligible (calculated values of e < 0.01) and has been eliminated from both correlations. The statistics of both correlations are quite good as evidenced near unity squared correlation coefficients and small standard deviations of SD ) (0.123 and 0.140) log units. Figures 6 and 7 graphically compare the experimental partition coefficients to predict values based on eqs 13 and 14. In establishing the computation methodology, the equation coefficients for the bis((trifluoromethyl)sulfonyl)imide anion were set equal to zero to provide a reference point from which all equation coefficients would be calculated. 22, 23 A reference point is needed because the cation-specific and anion-specific equation coefficients come as a paired set. The equation coefficients in eqs 13 and 14 thus correspond to the ion-specific coefficients for the trimethyl-n-hexylammonium cation. As noted in previous papers, the cation-specific and anion-specific equation coefficients can be combined to yield predictive equations for the different ILs. The study increases our calculated cation-specific and anion-specific equation coefficients each by one. We have now reported equation coefficients for 11 cations (counting trimethyl-nhexylammonium cation) and for 9 anions (counting the [DCA] anion). show the possibility of using this IL as an extractive medium for the four separation processes proposed in this study. The selectivity of [DCA] ILs for the (hexane + methanol) mixture is particularly large (S 12 ∞ ) 255) compared to the value for classical solvents. The partition coefficients were also converted into water-to-IL partition coefficients using the corresponding gas-to-water partition coefficients. Both sets of partition coefficients were analyzed using the Abraham solvation parameter model with cation-specific and anion-specific equation coefficients. The derived equations correlated the experimental gas-to-IL and water-to-IL partition coefficient data to within (0.12 and 0.14) log units, respectively.
